widely-existing defects, oxygen vacancies (V O ) can greatly influence materials in various aspects, such as the introduction of interface dead layers [11] , variation of the diffraction intensity due to the subtle change of local structures [8] , and the pinning of the vortex cores of topological domains [12] . We thereby conduct a series of experiments by transmission electron microscopy (TEM), discovering that formation of in-plane V O is likely to yield the in-plane deviations of Mn ions from 1/3 position.
Through first-principles calculations, we further confirm the structural change affected by the in-plane V O . In the light of our results, we demonstrate the positions of Mn ions can be influenced by the in-plane V O , which may finally lead to the magnetic properties variation within the local area. MnO 5 clusters extracted from (a). The bond lengths in a typical MnO 5 cluster are also demonstrated in angstrom unit [9] . The yellow arrows represent the directions that the three MnO 5 clusters tilt.
Ⅱ.EXPERIMENTAL DETAILS
We take advantage of electron energy loss spectroscopy (EELS) to study the electronic structures of YMnO 3 . EELS is a widely used method to detect the discrete transitions between atomic energy levels, and allows composition and hybridization information analysis [13, 14] . Particularly, the near-edge fine structure contains hybridization information about the nearest-neighbored bonding (O 2p -orbital and 3d-orbital of transition metal). Our EELS spectra are acquired by the 300kV FEI Titan 80-300 spherical aberration corrected (Cs-corrected) TEM, equipped with a Gatan Tridium EELS system. In order to improve the signal/noise ratio of the EELS spectra, the Cs-corrected TEM was operated in the diffraction mode. The blue line in Fig. 2(a) shows the O K-edge of the EELS spectrum acquired from the single crystalline YMnO 3 TEM sample, from which four peaks (a-d) can be identified. The four peaks are positioned at 531.2, 533.8, 538.1 and 542.5 eV, respectively, calibrated by the corresponding zero-loss-peak of each spectrum. We have also calcined a YMnO 3 sample in argon atmosphere at 1000℃. The sample shows an apparent phase separation phenomenon: one region contains only Mn/O elements while the other contains only Y/O elements. The EELS spectra acquired from these two regions are shown as red and black lines in Fig. 2 [19] . Hence, the oxidizing ability of Y is much larger than that of Mn, which is in consistence with our experimental results. The X-ray absorption spectroscopy (XAS) is also a commonly used method to study the hybridization phenomenon in materials. Comparing our EELS results in Fig [110] zone axis is superimposed at the top-right corner of Fig. 3(a) . We have simulated HRTEM images using MacTempasX commercial software based on the multi-slice method [24] , and the simulated result is shown in the white rectangle in Fig. 3(a) . The defocus value and the thickness of the sample are estimated to be 6 nm and 3 nm, respectively. Possibly due to the small distance with nearby atoms, the oxygen atoms are not very clear in the HRTEM images, which is in accordance with our simulated HRTEM image. Atomic positions were found by the least-squares fit using the two-dimensional Gaussian profiles. we calculate the local ferroelectric polarization using the following equation [25] :
where P s is ferroelectric polarization value of a unit cell; Fig. 4(b) . We can easily notice that the ferroelectric polarization values in oxygen deficiency area are smaller than that of nearly stoichiometric area. In nearly stoichiometric area ( Fig. 3(a) ), the ferroelectric polarization value is about 6 μC/cm 3 which is very close to the bulk value of YMnO 3 [3] . However, in oxygen deficiency areas, the ferroelectric values reduce to about 2/3 of bulk value. In Fig 3(d 
Ⅲ.DETAILS OF CALCULATIONS
In order to confirm above conclusions theoretically, the formation energies of different V O sites are calculated through first-principles methods. We perform first-principles-based DFT calculations within the local spin-density approximation plus Hubbard U (LSDA+U) [29] as implemented in the Vienna ab initio Simulation Package (VASP) [30] . Projector-augmented wave method is used with a cutoff energy of 500 eV (the accuracy has been checked to be sufficient) [31] . We employ the values of on-site Coulomb interaction U=8eV and exchange parameter J=0.88 eV for the Mn d-orbital [32] . We relax the atomic positions using the conjugate gradient algorithm until the residual forces are smaller than 0.01 eV/Å [33] . A 4×2×2 Gamma k-mesh is used for relaxation and a 4×4×4 k-mesh is used for the formation energy We further conduct simulations to support our experimental EELS spectra [34] . is the weighted average of atomic fraction of the four spectra from (b) to (e).
The total EELS spectra for YMnO 3 unit cells with four kinds of oxygen vacancies are also calculated with FEFF code. Using VASP, we first obtain relaxed structures with oxygen vacancies as shown in Fig. 7 , then use the relaxed structures to calculate the EELS spectra. The EELS spectra of all unequivalent oxygen atoms near oxygen vacancy are calculated, and the final spectra are the average of these EELS spectra based on their atomic occupancy. Figure 10 shows the calculated results. From our calculation results, we find that the peak a of the EELS spectra disappears when 
Ⅳ.CONCLUSIONS
In summary, we have conducted a series of experiments and calculations to show that oxygen vacancies can strongly influence the electronic and crystal structures of 
